Abstract -The unique tricyclic skeleton of the so-called paralytic shellfish toxins, which incluie the pharmacologically important saxitoxin and gonyautoxins, was shown to be biosynthesized from arginine and ¶cette and the side-chain carbon from methionine by using 13C and 3C-5N doubly-labeled precursors. The historical development of the work and the more basic problem regarding the toxigenicity of the organisms are reviewed.
INTRODUCTION
Paralytic shellfish poisoning (PSP) is an acute intoxication caused by the ingestion of toxic bivalves. The problem was first recognized in the tenperate waters of North America, Japan, and Europe, but it is now widely found in both northern and southern hemispheres incluling the tropical areas (ref. 1, 2) . It is the most damaging problem to the aquaculture of economically important shellfish such as rrussels, scallops and oysters. The poisoning involves paralysis of the neuro-nuscular system, particularly paralysis of the respiratory system, which is usually the immediate cause of death in cases of severe poisoning.
The chemical stuiies of PSP toxins started with saxitoxin, which was isolated from the Alaskan butter clam, Saxidonus giganteus in 1957 (ref. 3) . After almost twenty years of strenuous stuiies, the structure of saxitoxin was finally determined by X-ray crystallography (ref. 4, 5) . Meanwhile, the relationship between the toxification of shellfish and planktonic micro-algae in water was elucidated, and the dinoflagellates, Gonyaulax catenella and C. tamarensis were confirmed as the real toxin-producing organisms (ref. 6 ).
In 1975, the author's group reported the isolation of several new paralytic shellfish toxins, named gonyautoxins, from the US east coast shellfish samples and from the causative organism, C. tamarensisTief. 7, 8 Conyautoxin-I I: Gonyautoxin-IV:
Gonyautoxin-VI II:
C3 toxin: There are several speculative pathways referred to piblicly or privately by various peopleincluding the present author. The siriplest consideration is that the toxin's tricyclic perhydropurine skeleton is derived from the ordinary purine metabolism (ref. 6 ).
In such a scheme, the three-carbon unit which constitutes the third ring system might be formed by Michael aldition of acrylate or its equivalent derived from dimethylpropiothetin which is known to be abundant in algal cells (Scheme la). Another often suggested idea is to consider the toxin as a derivative of a C7 sugar. Indeed, a nunter of aminosugars are 
N>NH HN
Oroidins: XHorBr known to carry guanidine or carbamoyl moieties, and sirrple cyclizations could lead to the toxin skeleton (Scheme lb). The third scheme, which was the author's preference, is to consider arginine as the major building block, which, with the addition of a C2 unit or two C1 units, forms the skeleton (ref. 14). The sequence is analogous to the speculated biosynthesis of phakellin, a sponge metabolite (Scheme 2) (ref. 'With the origin of all the ring atoms established, the major remaining question was the source of the carbamoyl attached hydroxylmethylene. In an earlier experiment, [1 3C]formate fed to A. flos-aguae failed to enrich any specific carbon in the toxin molecule. Since formate usually becomes a universal source of C1 units, we first ruled out such common C1 donors as methyl and methylene tetrahydrofolate (THF), or S-adenosylmethionine (SAM), and speculated that C-13 could be introduced from CO2 via the sequence malonyl CoA ÷ semialdehyde + -hydroxypropionyl CoA (Scheme 5, ref. 25). However, repeated attempts to introduce a specific labeling at C-l3 of the toxin by the pulse feeding of 13C02 were unsuccessful.
On the other hand, -alanine, co-existing in the algal cells, was found substantially enriched, indicating that the pulse feeding was actually working, sin -alanine is also biosynthesized from malonsemialdehyde. Similarly, the feeding of [i-C]-)-hydroxypropionate did not result in a specific incorporation. such exclusive enrichment of a single carbon by a doibly-labeled precursor is the transfer of the C-2 carbon of glycine to THF by transferase to form methylene THF. To prove this assumption further, we tried the feeding of [3-13C] serine, which is an excellent C1 donor to THI. The isolated neosaxitoxin was indeed remarkably enriched at C-i). Since methylene THF can be reduced to methyl THF, which is a methyl donor for methionine, that is, for SAM, any of these three compounds can be the direct alkylating agent for the introduction of C-i).
When [methyl-13C]methionine was fed to the culture we observed the best incorporation of 13C at C-i) of neosaxitoxin. With this evidence and the fact that the reverse methylation of THF with SAM is uncommon, it is safe to say that SAM is the immediate alkylating agent in the biosynthesis of saxitoxin analogues (Scheme 7). 
000H Methionine
The work summarized above proved the biosynthetic origins of all atoms in the saxitoxin skeleton except for the timing and exact mechanism of the cyclization and methylation reactions. However, the most fundamental and intriguing question underlying the whole issue of the biogenesis of these conspicuous toxins -how the organisms come to produce or possess the toxins -remains to be solved. This structurally characteristic group of toxins is now known to be produced by several taxonomically distant organisms: dinoflagellates, freshwater blue-green alga (cyanobacterium), and even by macro red algae (ref. 26 ). All of them are normally nontoxigenic or at least known to have the nontoxigenic strains. Thus the cause of the toxigenic properties in the organisms remains unanswered. The presence of endosymbiotic bacteria, or the existence of a trigger mechanism such as seen with the production of phytoallexins are often mentioned. Our extensive study of about 40 strains of >NH Gonyaulax from various locations seems to suggest that the variance in toxin productivity is not environmental, and also excludes the possibility of the involvement of syrrbiotic microorganisms. In the study, the strains were cultured under a strictly controlled condition over years and assayed for their toxigenicity and toxin profile in ntiltiplicates (ref. 27 ).
The results show that the toxigenicity is rather inherent to the strains, and very possibly due to plasmids or some other minor genetic changes. Research efforts are now being focused on the identification of the particular genetic factor common to all these apparently unrelated organisms.
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